The valence band offset of ZnO/AlN heterojunctions is determined by high resolution x-ray photoemission spectroscopy. The valence band of ZnO is found to be 0.43Ϯ 0.17 eV below that of AlN. Together with the resulting conduction band offset of 3.29Ϯ 0.20 eV, this indicates that a type-II ͑staggered͒ band line up exists at the ZnO/AlN heterojunction. Using the III-nitride band offsets and the transitivity rule, the valence band offsets for ZnO/GaN and ZnO/InN heterojunctions are derived as 1.37 and 1.95 eV, respectively, significantly higher than the previously determined values.
ZnO is of interest in a range of current research areas as a result of its wide band gap ͑ϳ3.3 eV at 300 K͒ and particularly high exciton binding energy ͑60 meV͒.
1 Since excitons are stable at room temperature, ZnO is very attractive for the realization of optoelectronic devices based on cavitycoupled polariton lasers operated at room temperature. [2] [3] [4] Other promising optoelectronic device applications include blue and green light emitting diodes, [5] [6] [7] where ZnO can be used either as the active region or as a transparent contact.
Combinations of ZnO and III-N materials have considerable potential for heterostructure devices as a result of their high epitaxial compatibility ͑wurtzite structures with lattice mismatches between −4% and 9%͒ and the range of band gaps available using III-N binary and ternary materials ͑from ϳ0.7 to ϳ6.2 eV͒. 8 Most work on hybrid oxide/nitride systems to date has focused on ZnO/GaN, 9,10 but in order to fully exploit these materials other combinations must be explored.
For heterostructure devices, knowledge of the valence and conduction band offsets of the different material combinations is of particular importance. The III-N/III-N hetreojunction band offsets have been determined by x-ray photoemission spectroscopy ͑XPS͒, 11, 12 with type-I ͑straddling͒ band line-ups being found in all cases, as predicted from ab initio calculations 13, 14 and charge neutrality level arguments. 12, 15, 16 Of the ZnO/III-N heterojunctions, ZnO/InN ͑Ref. 17͒ and ZnO/GaN ͑Ref. 18͒ band offsets have been measured and show type-I and type-II junctions, respectively. While these junction types are in agreement with theoretical studies, as discussed later, the actual values of the valence band offsets seem to be too low when compared with the predictions of both previous theory and the transitivity rule. 14, [19] [20] [21] The band offsets of the ZnO/AlN combination have not previously been investigated experimentally. In this letter, high resolution XPS has been used to directly determine the valence band offset between ZnO and AlN.
Three samples were used for the XPS experiments: a 550-nm-thick ZnO layer grown on a 25-nm-thick low temperature ͑LT͒-grown ZnO buffer layer on c-plane sapphire, a 250 nm layer of AlN grown on Si͑111͒, and 5 nm of ZnO on 250 nm of AlN grown on Si͑111͒. The ZnO was grown by radio frequency plasma-assisted molecular-beam epitaxy ͑MBE͒, as described elsewhere, 22 at ϳ500°C for the "thick" ZnO layer and ϳ370°C for the LT-buffer and 5 nm layer. The AlN was grown at ϳ910°C by MBE using ammonia as the nitrogen source. 23 XPS was performed at the National Centre for Electron Spectroscopy and Surface Analysis, Daresbury Laboratory, U.K., using a Scienta ESCA300 spectrometer with a monochromated rotating anode Al K␣ x-ray source, providing a high intensity 1486.7 eV line. Photoelectrons are detected by a 300 mm radius concentric hemispherical analyzer with a multichannel detector. XPS data were recorded at room temperature with a resolution of 0.45 eV. Binding energies are calibrated using the Fermi edge of an Ar + -ion bombarded silver sample.
The thickness of the ZnO film in the ZnO/AlN sample was determined by the ratio of the epilayer and substrate photoemission peak areas, taking into account appropriate atomic sensitivity factors and inelastic mean free paths. 24 The calculated epilayer thickness was 5 Ϯ 1 nm, in agreement with the value obtained from the estimated growth rate.
Zn 2p 3/2 and Al 2p XPS spectra are shown in Figs. 1͑a͒-1͑d͒ fitted using Shirley backgrounds and Voigt ͑mixed Lorentzian-Gaussian͒ functions, the parameters for which are shown in Table I . The Zn 2p 3/2 spectrum of both the ZnO and the ZnO/AlN samples and the Al 2p spectrum of the AlN sample were fitted by a single contribution, attributed to the bonding configurations Zn-O and Al-N, respectively. However, for the Al 2p spectrum of the ZnO/AlN sample ͓Fig. 1͑d͔͒, an additional low intensity higher binding energy component was also required. This extra component is attributed to Al-O bonding at the ZnO/AlN interface and/or inelastic losses to free carriers in the ZnO layer, as recently observed in photoemission of InN. linear fits to the leading edge of the valence band photoemission and the background. 26 The VBM positions are shown in Table I .
The valence band offset of the ZnO/AlN heterojunction was determined from the energy separation between the core levels in the ZnO/AlN sample and the VBM to core level separations in the thick layer ZnO and AlN samples, as described by
where E i s denotes the energy of feature i in sample s. The Zn 2p 3/2 and Al 2p core levels have been used in Eq. ͑1͒, but equally the O 1s and N 1s peaks can be used. Indeed, from the results given in Table II , it can be seen that valence band offsets calculated for all four combinations of core levels are well within experimental error of one another, and place the ZnO VBM 0.43Ϯ 0.17 eV below that of AlN. Using the room temperature band gaps for ZnO and AlN ͓3.30 ͑Ref. 1͒ and 6.16 eV ͑Ref. 27͒, respectively͔, the ZnO/AlN heterojunction is found to have a type-II ͑staggered͒ band line-up, as shown in Fig. 2 , with a corresponding conduction band offset of 3.29Ϯ 0.20 eV.
Using the previously determined valence band offsets of the wurtzite III-nitrides ͓0.58 eV for InN/GaN ͑Ref. 12͒ and 1.52 eV for InN/AlN ͑Ref. 11͔͒ and applying the transitivity rule 28 allows the valence band offsets of ZnO with GaN and InN to be derived. Values of 1.37 eV for ZnO/GaN and 1.95 eV for ZnO/InN are thus obtained, as depicted in Fig. 2 . These are significantly higher than the values previously determined of 0.8 eV for ZnO/GaN ͑Ref. 18͒ and 0.82 eV for InN/ZnO. 17 One or both of these values must be incorrect because the InN/GaN valence band offset 12 is known to be much greater than 0.02 eV.
The value of 0.8 eV for ZnO/GaN of Hong et al. 18 is unreliable due to the use of a combination of ultraviolet photoemission spectroscopy to determine the VBM positions and XPS to determine the core-level positions, while different references were used to calibrate the binding energy scale for the two techniques. Moreover, the Ga 3d and Zn 3d shallow core levels were used, which are inappropriate for determining a valence band offset 12 because they hybridize with the valence band, forming part of the band structure. Along with the uncertainty introduced by spectral broadening due to the use of nonmonochromated x-rays, this means that the result of Hong et al. 18 must be treated with caution. The XPS-determined value of 0.82 eV for InN/ZnO of Zhang et al. 17 is also questionable due to a combination of neither the ZnO nor the InN valence band photoemission spectra exhibiting the expected shape for an anion 2p-dominated valence Table I . band 29, 30 and the poor In 3d peak fitting, where components of very different widths have been used to fit the In 3d 5/2 and In 3d 3/2 lines.
In conclusion, the valence band offset between ZnO and AlN has been determined by XPS to be 0.43Ϯ 0.17 eV, with a type II band line-up. The corresponding conduction band offset is 3.29 eV. Additionally, III-nitride offsets and the transitivity rule have been used to derive valence band offsets of 1.37 eV for ZnO/GaN and 1.95 eV for ZnO/InN, indicating that previously determined values are too low. These are important quantities for the design of hybrid II-O/III-N devices. For example, the large conduction band and valence band offsets reported here are sufficient to provide significant electron and hole confinement potentials for hybrid ZnO/III-N heterostructures. Importantly, the confining potentials can also be tuned by varying the III-N alloy composition.
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